Series is a forum for stimulating discussion and eliciting feedback on ongoing and recently completed research and policy studies undertaken by the Asian Development Bank (ADB) staff, consultants, or resource persons. The series deals with key economic and development problems, particularly those facing the Asia and Pacific region; as well as conceptual, analytical, or methodological issues relating to project/program economic analysis, and statistical data and measurement. The series aims to enhance the knowledge on Asia's development and policy challenges; strengthen analytical rigor and quality of ADB's country partnership strategies, and its subregional and country operations; and improve the quality and availability of statistical data and development indicators for monitoring development effectiveness.
I. thE chAllEngE

A. the three Pillars of Asian Energy Security
Developing Asia's spectacular economic emergence augurs a major realignment of the world economy. Developing Asia's gross domestic product (GDP) will more than quadruple from 2010 to 2035, and by 2050 the region will generate over half of global GDP. This promising vision of the 21st century is often called the Asian Century. Past growth has dramatically improved Asian living standards lifting millions out of poverty. Future growth will do the same, but crucially, can developing Asia secure the energy it needs to fuel this dramatic economic expansion?
The question is not simply one of identifying where such energy will come from; rather, true energy security for Asia rests on three foundational pillars: the adequacy and reliability of the physical energy supply, environmental sustainability, and affordable access. This tripartite nature of the energy challenge calls for a nearly herculean balancing act to avoid unsatisfactory trade-offs that weaken one or more of the pillars and so defeat the Asian quest for energy security.
Asia needs an ample supply of clean, affordable energy to continue its rapid growth in the coming decades. Conventional energy supplies in the region are insufficient to support the current pace of growth as feeding this growth in the traditional way would lead to even greater dependence on imported fuel. Yet forgoing expansion of the energy supply would require developing Asia to scale back its growth ambitions. That is the challenge to shoring up the first pillar of energy security. As for the second pillar, if the region continues its heavy reliance on fossil fuels, emissions will substantially damage global and local environments. The third pillar is equally unnerving: As home to the majority of the world's "energy poor"-people who must rely on traditional energy sources-developing Asia must also expand access and maintain affordability if growth is to benefit society as a whole.
Addressing this multiplex of issues requires a multipronged approach. The region must actively contain its rising demand, aggressively explore new energy sources and technologies, and progressively promote the regional integration of energy markets and infrastructure. Without a paradigm shift in current energy supply and use, Asia will struggle to deliver the inclusive growth needed to lift millions of its citizens out of poverty.
B. the Magnitude of the challenge
Adequacy and Reliability of the Physical Energy Supply
Securing adequate energy is daunting because Asia cannot rely solely on its endowment. The region may well possess a quarter of the world's coal reserves, but it has only 16% of conventional gas reserves and 15% of technically recoverable oil and natural gas liquids. To bridge this gap, it will have to triple oil imports by 2035, rendering it even more vulnerable to external energy price shocks.
Environmental Sustainability
Meeting developing Asia's growing energy needs without radical shifts in the energy supply will result in both local and global environmental deterioration; local air and water quality will suffer the consequences. On its current energy path, which foresees substantial penetration of new and renewable energy supplies, Asian emissions will soon swamp global targets. Without radical changes to the region's energy mix, the consumption of fossil fuels will climb doubling oil consumption and tripling natural gas consumption. Even highly polluting coal consumption will rise by an astounding 81%. This would double carbon dioxide (CO 2 ) emissions to nearly 24 billion tons per year by 2035. Developing Asia alone would then emit more than the 22 billion tons that climate change experts see as that year's maximum sustainable CO 2 emissions for the whole world (Figure 1 .1). 
Affordability and Access
Securing an adequate physical energy supply and promoting environmental sustainability are difficult enough, but achieving these goals at costs that enable practical access to energy for the Asian energy poor at prices they can afford significantly compounds the challenge. For Asia, this is no small matter. Asia has the unfortunate distinction of having most of the world's energy poor. Energy poverty perpetuates hunger by forcing women and children to spend hours gathering fuel that they could spend earning incomes or studying. Nearly half of the world's people without electricity live in Asia as do the majority of people who rely on traditional fuels such as wood, charcoal, and dung. In 2010, 2.8 billion Asians-79% of the world's energy poor-relied on such traditional fuels which provide low-quality energy while often destroying natural ecosystems (Figure 1 .2). Rest of the world a The traditional fuels category includes all types of solid fuels and kerosene, not just biomass. Affordable access to modern energy is shockingly deficient in Asia. In 2010, some 18% of Asians-628 million individuals-had no electricity. In that year, the percentage of the population continent-wide without electricity that relied on biomass for cooking was higher in Africa than in Asia, but some Asian countries such as Bangladesh approached the African average (IEA 2012a). Energy is a basic human need. It is required to heat, cool, prepare, and preserve food; to provide light; to communicate; and to operate modern conveniences as well as to enable the delivery of social services like education, health, and recreation. Expanding access to energy for Asia's legions of energy poor is an urgent priority because the failure to do so will perpetuate substantial public health hazards. Yet traditional fuels like kerosene, fuelwood, dung, charcoal, and coal still supply much of the energy used in Asia.
Notes: Electrification numbers for Asia taken from 2012 Rapid Assessment and Gap Analyses and United Nations
Summary
Asia's energy challenge is formidable, but it is very far from hopeless. Instead, bold and decisive action on three fronts-actively containing rising demand, aggressively exploring new sources and technologies, and progressively promoting the regional integration of energy markets and infrastructure-holds the promise of an Asian Century solidly afoot the three pillars of Asian energy security. We explore each of these in the following sections.
II. cOntAInIng BurgEOnIng EnErgy DEMAnD
Economic growth of the magnitude foreseen for developing Asia requires abundant new energy supplies, but while the link is strong and robust, energy use and economic growth are not immutably locked together.
A. Energy and Economic growth
In 2010, Asia contributed 28% of global GDP and accounted for 34% of world energy consumption. If Asia follows the expected growth trajectory, by 2050 its per capita GDP will reach Europe's current level, and its share of global GDP will nearly double to 52%, making about 3 billion additional Asians affluent (ADB 2011). Asia will already account for 44% of global GDP by 2035. This economic expansion will require huge amounts of energy (Figure 1.3) . The link between economic value created (GDP) and the energy used by firms and households depends on a complex host of factors. Forecasts of energy use must comprehend all these factors, but a common if less than ideal approach is to project likely changes in energy intensity-changes in the physical energy used to generate each unit of GDP-as a summary measure intended to capture the combined trends of all the determining drivers. Assumptions on the evolution of energy intensity do, however, have significant effects on forecast demand. For example, if Asia's energy intensity trend follows its expected path, the region's share of global energy use is projected to increase to 51% by 2035 (Figure 1.3 
baseline).
This is a conservative estimate reflecting an optimistic projection of energy intensity trends. The baseline model used in this study endogenously projects energy intensity declining by 3.2% per year on average over the forecast horizon. This would bring energy intensity in 2035 down to 45% of its 2010 value-an improvement by more than half. This compares with the historical trend from 1990 to 2000 of 2.47% improvement per year that is used in the less optimistic scenario. If energy intensity follows its historical trend, Asia's share of world energy consumption would be as high as 56% by 2035 (Figure 1 .3 less optimistic).
The resulting uncertainty is large. Figure 1 .4 shows the growth of energy consumption under the two scenarios. Critically, Asia's energy consumption is projected to double from 2010 to 2035 even under the optimistic baseline scenario despite the projected improvement in energy intensity trends. Energy consumption will increase despite substantial improvements in energy efficiency because of sharply increased per capita GDP. While Asia's population is forecast to grow only modestly by 0.7% annually, Asians will drive more and use air conditioning more as they become more affluent.
Asia enjoys an array of promising options to check its energy appetite. Three broad strategies offer pathways to more efficiently manage demand even in the short term. First, eliminating consumer subsidies and taxing greenhouse gas (GHG) emissions will move the price of energy toward its true cost. If GHG taxation is undertaken intelligently, it can avoid suppressing economic activity and compromising affordability. Second, green innovations such as smart cities, clean transportation, and substituting gas for electricity will improve energy efficiency and environmental sustainability. Third, changing behavior can curtail wasteful energy consumption.
Demand management is promising, but it presents various challenges. Tackling outmoded subsidies requires political will, green innovation requires investment in technology and prudent infrastructure design, and changing behavior entails instilling fundamentally new attitudes.
B.
Energy Prices that reflect true costs
Eliminating Consumer Subsidies
Consumer subsidies designed to guarantee affordability and protect households from the potentially large shocks of fuel price increases artificially reduce the price of energy and thus encourage overconsumption. Most Asian governments provide some form of subsidies though they vary widely. Subsidies in developing Asia are larger than elsewhere except in the Middle East, and they are increasing as the following Such subsidies are well intentioned or at least popular, but they increase energy consumption, distort energy development planning, and when applied unevenly, provide incentives for adulteration and illegal cross-border sales. Worse, the main beneficiaries of energy subsidies are not the poor. If the intent is to make energy more affordable, only the poorest quintile should benefit from the subsidy. In fact, the poor in Asia benefit little from subsidized fuel prices because many lack electricity and gas connections, few own vehicles, and most use public transport sparingly. The International Energy Agency (IEA, 2011a) surveyed nine Asian countries with the highest fossil-fuel subsidies along with two countries in Africa and found that only 15% of the benefit of kerosene subsidies-and a paltry 5% of subsides for liquefied petroleum gas-went to the poorest quintile.
As the stated intent of energy subsidies is to provide affordable energy to the disadvantaged, a better solution would be to give the target populations direct cash benefits or energy coupons. Poor households are identified for benefits like food distribution, educational support, and medical treatment. The energy subsidy could be similarly targeted. For example, a cash payment scaled to the energy used by a typical energy-poor household-not tied to the household's energy consumption-would extend access without encouraging wasteful use. In fact, a beneficiary household would have incentives to use less energy and keep the surplus from the payout for other needs. This achieves the objective of restraining energy use without creating the perverse incentives that so frequently drive energy systems off track. Replacing general energy subsidies with subsidies targeting the energy poor can immediately restrain energy demand without denying those in need. Such a policy can go a long way toward laying the foundation for Asian energy security.
Taxing Greenhouse Gas Emissions
Market energy prices rarely reflect the true price of energy when such negative externalities as pollution are factored in. A widely touted option is the so-called carbon tax on emissions of GHGs. The argument in favor of a carbon tax is that the price of energy should cover such externalities to create incentives to reduce energy consumption and to develop new clean technologies that would strengthen two of the three pillars of Asian energy security: adequate energy supply and environmental sustainability. The third pillar, affordability and access, is more problematic.
In fact, aside from the well-known political impediments to their adoption, GHG taxes face two primary difficulties. First, a carbon tax raises energy prices and thus undercuts affordability compromising that pillar of Asian energy security. Second, increased energy prices suppress economic activity and compromise Asia's economic growth goals. The first of these can be addressed by using tax proceeds to fund targeted subsidies to make affordable energy available to the poor as described previously. Keeping a carbon tax from inhibiting economic activity is trickier but possible. One solution is for governments to use tax proceeds to reduce the cost of another production input to offset higher energy costs. The European Commission has evaluated this kind of revenue recycling (Kouvaritakis et al. 2005) . Of course, tax proceeds used to fund subsidies for the poor reduce the funds available to offset reductions in economic output, but the tax itself will arguably advance the day of a cleaner, more affordably energy supply.
The United Kingdom introduced a "climate change levy" that compensated corporate payers of a carbon tax by reducing their contributions to employees' social insurance essentially giving firms a break on their payroll taxes to offset increased energy costs. However, the government reneged on the promised reduction a few years later by returning social insurance contributions to the previous rate. A general lesson from this experience is that governments can be tempted to use proceeds from a carbon tax and similar schemes for unintended purposes when a fiscal shortfall arises, but it also shows that such a program can be implemented if the political will exists. In 2003, the Council of Ministers of the European Union issued a directive (European Commission 2004) that allowed member states to "offer companies tax incentives in return for specific undertakings to reduce emissions." Such initiatives are voluntary at the moment, but the decision points to a growing perception that GHG taxation with revenue recycling may offer a powerful tool for policymakers.
c. gains from green Innovation
There is a lot of scope for technological innovation that can promote energy efficiency as well as environmental sustainability. Good city planning and design can lower individual and aggregate energy requirements for example by expanding the role of public transport. Gaseous transportation fuels such as compressed natural gas can mitigate the environmental impact of urban transportation. Substituting gas for electricity in end-use applications saves gas and displaces coal and other dirtier types of energy. Although green innovation requires large investments in new technology and infrastructure, the benefits are potentially huge.
Smart Cities that Save Energy
A rapidly growing body of research supports the idea that clever planning and design can enable new urban centers to deliver significant environmental and energy savings. As Asia grows, new cities will emerge; this relatively clean slate provides the opportunity to substantially redefine urban design. Industrialized countries in which rural-to-urban migration has largely run its course lack this opportunity. Urbanization itself offers benefits in energy efficiency and environmental protection. In the industrialized world, residents of compact urban centers individually consume less energy and water than their suburban and rural counterparts. They live in smaller spaces, consume less, discard less trash, and rely far less on cars for transportation as walking, cycling, or public transportation are practical options that use energy far more efficiently than private cars (Owen 2009 ).
The benefits can be multiplied. Careful urban design can apply knowledge of mobility patterns to create compact, walkable neighborhoods. Shared-use mobility and thoughtfully agglomerated office buildings can reduce transportation energy demands. Well-designed communication and control systems can provide real-time information on the use of energy, water, and other resources that can help consumers alter consumption and movement patterns to maximize their efficient use. Asian urban centers are taking the form of megacity hubs with suburban satellite cities. Rapid transportation systems like bus mass transit systems in the People's Republic of China (PRC) and subways in India help lower energy use and improve the environment and quality of life (ADB 2012). Careful urban planning can take advantage of cogeneration opportunities in which waste heat from power generation can serve the heating and cooling needs of commercial buildings and households if the geographic configuration is compact enough.
Smart cities may rely on telecommuting and telepresence to minimize travel costs, design work flows that allow teams to work asynchronously while enabling flexible work hours, provide real-time information to enable more efficient consumption and travel patterns, establish on-demand and realtime control of materials and energy flows to residences and businesses, and remotely control industrial and commercial processes.
In Asia, moving toward this new growth paradigm is a matter of considerable urgency if its promise is to be realized. Whereas Europe needed 150 years from the beginning of serious urbanization to shift a majority of its population into urban centers, North America took only 105 years and Asia will need only 95 years (ADB 2012) . From 1980 to 2010, Asia added more than a billion people to its cities pushing urban densities higher than in the rest of the world. In 2010, Asia was home to 12 of the world's 23 megacities. This rapid urbanization is expected to continue bringing Asia's urban population from the current 43% to 50% in 2025. Considering the large Asian population, the strong trend in urbanization will continue thereafter opening the door to a new growth paradigm if the process is properly managed. Implementing green, smart cities in Asia will require a major shift in urban planning; additional public finance will be needed for higher upfront capital and maintenance costs.
Clean, Green Transportation
Compressed natural gas (CNG) and other gaseous fuels have been introduced into urban transport mainly to address the pollution caused by gasoline and diesel internal combustion engines. Recognizing the contribution natural gas can make to better air quality and other benefits, the Republic of Korea and India, among others, have stepped up efforts to promote transport using CNG. The magnitude of savings will vary across countries, but petroleum will undoubtedly be saved, and local pollution will be reduced. Both reductions would make using CNG and other gaseous fuels beneficial in Asia especially for adequate energy supply and local environmental sustainability.
Plug-in hybrid electric vehicles and battery electric vehicles both reduce local air pollution. The former run on a combination of conventional fossil fuels and a battery that is recharged by regenerative braking. Battery electric vehicles also use regenerative braking but rely mostly on the grid power supply to recharge their batteries, so their life-cycle energy and GHG savings depend on the mix of the sources powering the grid. The result is primarily a shift of pollution away from where the vehicles are operated to where the electricity is generated. If the grid electricity is generated using coal, both life-cycle energy use and GHG emissions are higher from battery electric vehicles than from plug-in hybrids. If the electricity is primarily from hydropower, however, emissions are very low.
Both options shift pollution out of urban centers. The PRC is aggressively deploying electric vehicles in line with a strategy of co-evolution between electric vehicles and developing grid generation using renewable energy (IEA 2011b (IEA , 2011c . The country has begun with a three-stage pilot project dubbed the Ten Cities Ten Thousand Vehicles Program though it actually covers 25 cities with 12 in the first stage (Beijing, Changchun, Changsha, Chongqing, Hangzhou, Heifei, Jinan, Kunming, Nanchang, Shanghai, Shenyang, and Shenzhen). The plan calls for electric-vehicle ownership to reach 5 million by 2020 accounting for 5% of total vehicle ownership (IEA 2011b).
This strategy is rightly called "co-evolution" as the development of electric-vehicle fleets and power generation using renewable energy reinforce each other. The introduction to the power grid of intermittently available renewables creates challenges for reliability and stability that can be mitigated by connecting a fleet of electric vehicles through a "smart grid" (a technological advance discussed in Section IV on page 21). Batteries in electric vehicles can store renewable power that is produced in excess of system load, and two-way charging infrastructure can allow electric-vehicle batteries to feed back into the grid during peak demand. Such "spinning reserves" for power systems provide backup power that is immediately available and potentially reduce the cost of investment in generating capacity, strengthen the stability of the system, and provide backup against system failures. Meanwhile, electric-vehicle owners can earn rebates by providing these services to the grid thus reducing their operating costs.
Clean transport requires a major shift in services. Mass road transit systems can operate fleets with gaseous fuels, and private ownership can move toward electric vehicles. Initially, public finance can promote research and development and help build the critical mass of vehicles that brings the cost of gas and electricity distribution per vehicle down to manageable levels. Clean transport becomes more competitive as it grows.
Switching Electricity for Gas
Energy efficiency can be improved dramatically by replacing electricity with gas in end use. For countries engaging in major expansions of power and gas systems, it also carries with it the potential for large capital investment savings. There is no need for new technology to make this option feasible: It is practical and implementable today. While this concept is at root fundamentally simple, understanding the source of its merits requires a little reflection.
Consider using a cubic meter of gas two ways for cooking. One option is to burn the gas in a gas-fired power plant that converts about 40% of the energy in the gas into electric energy (EIA 2013a) that a family can use to power an electric cooktop. If that same cubic meter of gas were instead delivered directly to power a gas cooktop, the same cooking energy would require only 40% of the original cubic meter of gas. The family would still have 60% of the cubic meter with which to prepare the next meal and half of the meal after that.
It is apparent that the energy supply system is better used if households purchase gas cooktops instead of electric ones. It makes little sense to burn gas in a power plant to boil water to generate electricity with which to boil water on an electric cooktop when instead, you can burn gas to boil water right in your kitchen. Replacing electricity with gas in many households and businesses would extend the useful life of natural gas reserves thus enhancing the adequacy of energy supply by conserving gas resources. Further, using gas instead of electricity for cooking substantially reduces emissions.
Gas can replace electricity for a number of end uses among them certain industrial processes; space heating and cooling; water heating; and powering appliances such as cooktops, ovens, clothes dryers, and refrigerators. As fuel cell technology develops and becomes more cost effective in the future, it is possible to envision entire communities fueled by gas alone with gas-fired fuel cells delivering the electricity to service electric lighting, televisions, computers, modems, routers, servers, and all manner of communication devices.
The story is even more compelling if the power plant in our example uses coal instead of gas. Coal is a much dirtier fuel for generating power than natural gas as it produces more emissions that are more problematic. To the extent that electric power is generated with coal, replacing electricity with gas for end uses offers even greater emission benefits (Figure 1 .5). larger quantities of coal used as primary energy and obviates the need for investing in expensive coal-fired generation capacity. Manufacturers of appliances, home heating and cooling equipment, and industrial capital equipment can be encouraged to promote gas over electric designs. Doing so will gradually reshape the fuel demand profile. If end users demand gas, energy providers will respond. Furthermore, the potential for investment savings is large. The infrastructure to generate, transmit, and distribute electricity is much more expensive to build than the infrastructure to deliver gas.
Why is this not a strategy aggressively pursued by the industrialized world? In some cases, it has actually been a small part of energy planning, but much of the industrialized world is locked into existing electric and natural gas transmission and distribution systems. These systems are highly developed but shaped more by historical happenstance than by comprehensive planning to minimize investment cost and maximize energy efficiency. Moreover, these systems arose at a time when gas and utility regulators operated largely independently of one another and had little incentive to find efficiency measures that could benefit from careful coordination between gas and electricity delivery.
In contrast, as Asian societies expand their gas and electricity systems into new areas-as they will with rapid urbanization and efforts to serve the energy poor-they can make a fresh start. While it may not be possible to replace electricity with gas for all new end uses in the near future, it is possible to reshape electricity and gas delivery systems in new ways that minimize redundancies and save capital costs, conserve energy resources, and reduce emissions. This strategy will therefore advance all three pillars of Asian energy security.
If gas supplies become more abundant in Asia through, for example, the aggressive development of unconventional sources, the natural and immediate inclination is to use gas as much as possible to replace dirty coal in generating electricity. This strategy seems obvious, but a broader view points in a different direction. Natural gas has more value for environmental protection and energy conservation if it is used instead to replace electricity in end uses-2.5 times the value as the cooking illustration showed. In any case, the future development of gas and electricity transmission and distribution systems should be coordinated. Gas and electric utilities generally operate within regulatory frameworks, but sometimes the frameworks are only loosely coordinated. The economic advantages of minimizing infrastructure duplication will combine with energy savings and emission reductions to provide strong motivation to better coordinate gas and electricity systems in new infrastructure.
Beware of Rebound Effects
A large and growing body of research has shown that energy efficiency gains do not bring one-for-one reductions in energy consumption because of the so-called "rebound effect." In extreme cases, improved efficiency can backfire spurring outright increases in energy consumption. It appears that improvements in energy efficiency act much as energy price reductions or energy subsidies by encouraging higher energy use. What is particularly troublesome for Asia is that rebound effects appear to be larger in developing 1 A large and growing body of literature going back to Jevons (1865) and pioneered in the modern era by Brookes (1979) and Khazzoom (1980) assesses the magnitude of the rebound effect. Recent studies include Saunders (1992 Saunders ( , 2008 Saunders ( , 2013 press); Sorrell (2007 Sorrell ( , 2009 Sorrell ( , 2014 Turner (2013 Turner ( , 2014 ; Tsao et al. (2010); and Shellenberger, Nordhaus, and Jenkins (2011) . Roy (2000) first suggested that rebound effects in developing countries may be larger than in industrialized countries. Li and Han (2012) showed energy efficiency rebound in the PRC to have been very large from 1997 to 2008, backfiring in three of those years. Lin and Liu (2013) analyzed passenger transportation in the PRC from 1994 to 2010 and found rebound at 107%-another backfire. Chakravarty, Dasgupta, and Roy (2013) provide a good survey of the literature. economies than in industrialized economies. (A fuller discussion of this phenomenon is found in Sharma, et al. (2014) which finds a substantial risk of backfire in Asia using state-of-the-art general equilibrium modeling.) Yet even with rebound effects, energy efficiency gains advance the cause of affordable access by reducing the effective cost of energy and spurring economic growth by making energy cheaper for producers. If the rebound falls short of backfire, efficiency gains improve environmental sustainability and the adequacy of energy supply by reducing energy use. Careful attention to managing rebound effects can ensure that investments in energy efficiency strengthen all pillars of Asian energy security.
Awareness and Conservation Programs
The potential exists to reduce purely wasteful energy use by altering individual behavior. Lights that burn when no one is present, trains that run on schedule but without passengers, individual car trips when carpooling is possible, and machinery idling instead of shutting down during a production stoppage are all examples of energy used for no constructive purpose. Programs designed to raise public awareness of the social value of eliminating energy waste can have a positive impact despite their reliance on altruism and social pressure rather than proven market signals.
As with managing demand in general, Japan provides a good example of the potential of conservation programs in the Setsuden ("saving electricity") movement that emerged following the Fukushima Daiichi nuclear accident. It helped lower peak usage by 15% during the summer of 2012 and prevented power outages after the tsunami. This attests to the potential of media awareness campaigns to change the behavior of firms and households, but in light of the extreme circumstances under which the program was initiated, the experience may not be easily replicated elsewhere. Furthermore, while Japan was successful in drastically reducing peak electricity usage (megawatts), it is unclear whether much energy was saved (megawatt-hours) or simply shifted to off-peak hours or whether what was saved could be removed on a permanent basis without harming economic activity. Nevertheless, the success of the campaign and what was learned have led Japan to further explore ways to improve energy efficiency.
Although the exact magnitude of energy savings obtainable by eliminating purely wasteful energy use is uncertain, doing so would come at virtually no cost. In sum, it is absolutely necessary to better manage demand to bring Asia significantly closer to the goal of energy security by reducing the risk of inadequate supply and promoting environmental sustainability, but the supply side of the equation must also be solved by augmenting the supply of clean, affordable energy. Fortunately, like the demand side, the supply side is full of promising options.
III. tAPPIng clEAnEr EnErgy SuPPly
Current baseline projections for the supply required to meet the baseline demand projections in Figure  1 .4 show a mix heavily weighted toward fossil fuels (Figure 1.6) . Evident in Figure 1 .6 is the expected future decline in energy use growth rates arising from the accelerated reduction in energy intensity illustrated in Figure 1 .4. This is the inflection point visible in the year 2010. Also abundantly evident is the dramatic increase in the consumption of fossil fuels with oil consumption doubling and natural gas consumption tripling. Most prominently, coal consumption would rise by a full 81% in this projection. While new and existing renewable supplies including hydro will increase substantially in absolute terms, they will not be enough to offset the dramatic increase in fossil-fuel use. This is what leads to the grim picture of developing Asia's future CO 2 emissions illustrated so dramatically in Figure 1 .1.
Is this portrayal of developing Asia's energy supply inevitable? The answer is surely not. First, the measures to manage demand described in the preceding section can help, and second, energy supply technology is shaped by human ingenuity and innovation. Expanding its energy supply in a way that is environmentally sustainable will require Asia to more aggressively pursue a combination of renewable and cleaner nonrenewable sources and technologies to make carbon-based fuels cleaner to use. These possibilities are described in great detail in chapters that follow. Here we highlight key elements.
A. Expanding renewables
Current projections show the use of renewables increasing by half over the forecast period. Hydropower more than quadruples, but all renewables together still account for only 13% of the power generation mix in 2035. Is there an opportunity to substantially strengthen the role of renewables beyond these forecast levels?
Wind, solar, and other renewable energy technologies directly harness naturally available sources. These technologies can substitute for fossil fuels in generating electricity, reducing harmful emissions, and improving environmental sustainability. Biofuels can potentially replace oil-based transportation fuels and thus reduce the need for oil imports and enhance energy supply, but several difficulties prevent expanding renewables enough to make a major difference in the near future. Perhaps most fundamental is the need for renewable sources to be cost competitive with the fuels they seek to replace. While various renewables have enjoyed significant cost reductions and are already economical in certain locales and remote areas, renewable energy generally remains too costly to be competitive. This is likely to change; how quickly is unclear.
Uncompetitive cost is not the only difficulty. Biofuels pose the risk of usurping agricultural land used to grow food if their production is to expand by the magnitude required to make a significant contribution. Using solar and wind to replace coal or oil in power generation is technically tricky primarily because they are intermittent. This complicates integrating large-scale solar and wind generation into power systems in a way that maintains system reliability, stability, and the ability to quickly adjust output to minute-by-minute changes in system demand. Many argue that being cost competitive should be understood as factoring in environmental and other social costs that are external to the standard equations of microeconomics; however, capturing these externalities with subsidies or taxes and mandates creates the risk of increasing energy prices and cramping economic activity unless combined with revenue recycling. Also, the more expensive electricity derived from renewables undermines affordability, the third pillar of energy security. Policy makers have to consider such trade-offs.
Nonetheless, one can argue that the long-term economic benefits garnered from the largescale use of renewable energy outweigh short-term costs. Instruments such as feed-in tariffs during the introductory years of high-cost renewable technologies assure suppliers a reasonable price per kilowatthour to mitigate their commercial risk and thereby stimulate investment in larger capacity.
Increasing the capacity to generate electricity using renewables by whatever means accelerates learning and starts to reduce costs so that the longer-term economic benefits of a cleaner energy supply can be realized sooner. The costs of climate change could be very large, and public health costs associated with burning fossil fuels are bound to grow with their expanded use. There is economic benefit in avoiding these costs sooner rather than later.
Wind Power
Wind power has been rapidly expanding throughout the world including in the PRC and India, and the potential in Asia is enormous. According to one study, Mongolia and the PRC could each install over 1 terawatt (1 million megawatts or 1,000 gigawatts [GW]) of wind capacity that together would generate more than 3,000 terawatt-hours annually (Shah 2012) . This is over 60% of the PRC's total electricity consumption of 4,937 terawatt-hours in 2012. Afghanistan, Kazakhstan, and Viet Nam could each install over 100 GW. The only country currently exploiting more than 5% of its potential is India which is exploiting 30% largely due to an accelerated depreciation allowance. The wind resource is, however, distributed unevenly across Asia endowing a handful of countries with huge potential but leaving many with little.
While wind is commercially more competitive than photovoltaic generation, it is not yet competitive enough to compete commercially with conventional forms of generation because it is intermittent which hobbles it with low capacity factors. Forecasts show the levelized cost of wind power falling by 20%-30% from current levels by 2030 making it nearly competitive with other forms of generation. The levelized cost is determined considering all operational costs using a discount rate to spread the capital and financing cost over the life of the project and including a reasonable return on investment.
If coal and gas prices were to escalate over this time frame, the relative economics of wind would improve accordingly. Challenges remain, however, in integrating this intermittent resource into the power grid as it is often most bountiful in locations distant from demand centers which requires lengthy connections with power grids.
In sum, wind power has numerous advantages over conventional power as it is virtually free of greenhouse gas (GHG) emissions and emits no other air pollutants, but the prospects for wind power to become cost effective within the forecast horizon are uncertain. If technological developments accelerate, it can become competitive sooner. Small wind turbines are available that can provide electricity to small communities in remote locations cost effectively because the locale makes other options expensive. They can thus help expand access to energy, but making it affordable to poor households requires public financing.
Solar Power
Solar power has been developed in two main directions, one using photovoltaic technology, and the other concentrating the sun's rays to provide heat for a turbine. Photovoltaic cells convert solar energy into electricity using semiconductors. Concentrated solar power uses an array of mirrors to converge the sun's rays on a central tower to heat fluid and raise steam to run a turbine much as in a conventional thermal power plant. This technology has the option, with added cost, to store solar energy in a salt solution and use it to generate electricity at night.
Photovoltaic technology has been applied in various ways since the 1960s. Despite the fact that it is safe, clean, and extremely reliable, and requires no fuel and little maintenance, it has always been too expensive to achieve grid parity-the ability to compete commercially on the grid without subsidies. This may be changing, however, as the decades-long decline in photovoltaic module prices has accelerated in the last 5 years leading some to speculate that grid parity is likely by the mid-2010s.
Should grid parity be achieved, it will have immense implications for all Asian economies as they all need more power sources and have solar resources ranging from good to excellent. However, availability during daylight hours only combined with the challenges of finding tracts of land big enough to accommodate large photovoltaic capacity may limit penetration unless cheaper storage is developed, but it is already the cheapest way to electrify small communities far from the grid like remote islands in the Pacific, the Philippines, and Indonesia; the mountains of Bhutan and the PRC; and the sparsely populated plains of Mongolia. It thus has a potential role in providing electricity to hundreds of millions of Asians currently without power.
How will photovoltaic prices evolve over time? Ross (forthcoming) compares the levelized cost of solar power from utility-scale plants (generally with a capacity above 10 megawatts) with some conventional technologies in the PRC from 2010 to 2030. It suggests that even by 2030, photovoltaic generated electricity will struggle to compete with large hydropower, cheap coal, nuclear, and cheap gas at today's prices unless more investment is forthcoming to further develop the technology. If, however, coal and gas prices were to escalate significantly, solar could become more competitive.
Hydropower
Hydropower has a number of attractive attributes. It is a clean resource with few GHG emissions and emits virtually no other pollutants during operation. It is renewable, and once the initial capital costs have been borne, it provides energy extremely cheaply. In addition, large hydropower projects are commercially viable and do not require financial support from governments. Hydropower plants that reliably store energy behind a dam complement intermittent solar and wind energy and can respond quickly to variations in power demand to help maintain a reliable electricity supply.
Asia has substantial hydro resources only 20% of which have been developed (IEA 2013). Asia's developed hydropower capacity in 2010 was 337 GW (EIA 2011), but the total hydro potential approaches 1,700 GW. The aggressive expansion of hydro would, however, entail some problems. Local opposition to hydropower development can be strong as is clear in India. Conflicts often arise over the loss of agriculturally productive land and the need to resettle communities. Furthermore, the communities that lose their land and homes to a new reservoir often do not benefit when water is diverted into canals for irrigation downstream. Tensions run higher when rivers cross international frontiers or even provincial boundaries. Environmental concerns extend to the loss of scenic valleys, habitat destruction, and fishery disruption.
A wild card is climate change. It may alter precipitation and thus river flows in a developed catchment rendering reservoir storage capacity far from optional. Interestingly, the more violent storms and extended droughts that global warming is expected to cause will require greater water storage capacity for irrigation and flood prevention. This could make building dams for hydropower simultaneously part of a larger strategy to address climate change.
Biofuels
Biofuels emit GHGs as do such conventional fuels like gasoline and diesel; however, they are produced from biomass which sequesters carbon dioxide (CO 2 ) from the atmosphere for photosynthesis while growing. Therefore in principle, burning such fuels does not cause a net increase in atmospheric concentrations of CO 2 . Accordingly, their development and use can theoretically advance environmental sustainability. In addition, biofuels are liquids and therefore a convenient substitute for oil-based transportation fuels that can reduce the need for oil imports and enhance the adequacy of energy supply.
The current generation of biofuels has three significant problems. First, biomass cultivation, transportation, and processing require energy that must be subtracted from biofuel energy content to arrive at net energy output. In some cases, the net gain is small. Second, the first-generation biofuels compete with food production by directly using food crops or land used to grow them. With its large poor population, Asia already faces challenges producing enough affordable food. Food security could be jeopardized if too many farmers choose to switch to biofuel crops. Third, biofuels are not yet cost competitive with traditional transportation fuels so typically require significant subsidies.
Research is underway worldwide to address the first two issues by producing biofuels from materials that do not compete with food production using the so-called "cellulosics" in crop residues, plants with high-energy content that grow well on degraded land, and algae. At this point, these technologies are not yet cost competitive, but if they reach fruition they could make a substantial contribution.
As with solar and wind, biofuels other than ethanol are not yet cost competitive. The International Energy Agency (IEA) shows the cost of producing conventional biodiesel in 2011 at nearly double that of gasoline and projects that it will remain more expensive than gasoline for the foreseeable future. On the other hand, the IEA projects that ethanol costs will fall below gasoline costs before 2020 because of scale expansion and efficiency improvements. Second-generation biofuels from cellulosics, both ethanol and biodiesel, are not projected to become cost competitive with gasoline until sometime around 2030 (IEA 2011c).
In sum, as with solar and wind, the prospects for biofuels to improve the adequacy of energy supply and environmental sustainability depend heavily on aggressive investment in new technologies that will reduce their cost and overcome land-use conflicts.
Summary
In the end, all renewables escape the fate of oil, gas, coal, and fission-based nuclear fuel: the potential to be consumed to exhaustion. Without the successful development of truly breakthrough technologies, only renewables can sustain future generations indefinitely. Therefore, the question is not whether Asia should invest in renewable energy but how quickly and how much it should invest. The primary obstacle to renewables-that they are for the most part not yet cost competitive with alternative sources-will inevitably diminish with time and technological progress.
B. Expanding nonrenewables
While renewables offer considerable promise, fossil fuels will continue to play a key role in the time frame considered here. The current forecast shows natural gas and coal use increasing over the forecast period and a modest increase in nuclear power. Is there an opportunity to expand the use of these fuels in a clean, safe way? Gas is cleaner than coal, and existing and emerging technologies may enable the use of coal in a more environmentally sustainable way.
Unconventional Gas
The current forecast shows natural gas production more than tripling over the time frame increasing its share of supply from about 10% to 16%. Could this be improved by more aggressively developing unconventional gas supplies? Recent experience in the industrialized world shows that unconventional gas has the potential to come online quickly and to significantly change the energy supply picture.
The appeal of this idea is great. Unconventional gas resources such as shale gas and coalbed methane offer the promise of replacing coal in power generation-either directly or indirectly by substituting gas for electricity in end uses-and oil in producing certain petrochemicals. Shale gas and coal-bed methane are chemically equivalent to conventional natural gas.
The conventional way to produce natural gas is to drill and extract it out of "traps" or folds and pockets in underground sedimentary layers. Natural gas also exists in deeper layers, typically shales from which the gas found today in the shallower traps migrated in geologic time. This "source rock" is much easier to find than traps and contains much larger quantities of gas. Traps are sparsely distributed compared with the source rock that extends over large areas in a basin.
The advent of horizontal drilling combined with hydraulic fracturing-"fracking"-has rendered large volumes of gas accessible. In the United States (US), the shale gas share of all gas production exploded from 8% in 2007 8% in to 30% in 2011 8% in (EIA 2013b . Could this shale gas revolution be extended to Asia?
Asia almost certainly has significant reserves of unconventional gas, but where it is and how much of it is technically recoverable is uncertain (IEA 2012a (IEA , 2012 Rogner 1997; McGlade, Sorrell, and Speirs 2012) . Indications are that the PRC has the largest shale gas resources in the world at nearly 20% of the global total, while India, Pakistan, and possibly Indonesia likely hold substantial resources as well. Both India and the PRC have substantial coal-bed methane.
Obstacles to developing these resources include the fact that unlike in North America, the geology in Asia is not well understood and appears to be more challenging, the data are sparse, prospective gas fields are in densely populated areas, and the water required for fracking may conflict with local needs.
On the whole, the aggressive development of unconventional gas has the potential to enhance the adequacy of supply, affordability, economic growth, and environmental sustainability if local environmental impacts can be carefully managed. In Asia, however, the magnitude of the resource that can be developed is uncertain as is the rate at which it can be produced. Serious issues of environmental and population disruption need to be tackled. While not a truly clean resource, unconventional gas could provide a cleaner bridge to a future less dependent on fossil fuels.
Nuclear Power
The proposition that nuclear power should be expanded in Asia is fraught with contention, but a responsible accounting of Asia's energy challenge is incomplete without a discussion of the pros and cons of initiating or extending a nuclear energy program and of the challenges facing policy makers who must grapple with this thorny issue. Governments will reach their own conclusions based on their individual situations.
Despite reevaluating nuclear programs in the aftermath of the Fukushima accident, most current construction of nuclear plants is in Asia. Nuclear power compares favorably with other options by measures of GHG emissions and air pollution as it ranks with hydro and wind power as a low emitter. During operation, nuclear power plants, like renewables, emit virtually no air pollutants like nitrogen oxides, sulfur dioxide, or particulates.
Nuclear is cost competitive with fossil fuels and cheaper than present-day renewables. The major financial impediment is the typically very large upfront capital costs that are often exacerbated by extended schedules for clearing regulatory and permit hurdles. Yet, when evaluated on a life-cycle basis that incorporates the costs of construction, interest during construction, fuel, operation, maintenance, waste management, and decommissioning, nuclear compares favorably with conventional power plants. The advent of small modular reactors should improve these economics.
A hypothetical phasing out of nuclear power over the forecast period would cause a significant increase in fossil-fuel use for power generation. If no new nuclear plants were built and existing plants were retired, the capacity lost by 2035 would be offset mostly by coal and gas. Renewables would make at best a modest contribution. Phasing out nuclear power would increase Asia's power sector emissions by 8. 6%-10.8% in 2025 6%-10.8% in and by 7.8%-13.3% in 2035 6%-10.8% in (ADB 2013 . The region's ability to achieve sustainable growth with low GHG emissions would be uncertain without nuclear power.
This evaluation sidesteps widespread public concerns about nuclear safety, especially in the wake of the Fukushima meltdown. Additional public concerns exist over the handling and disposal of radioactive waste and associated risks. Finally, the expansion of nuclear power creates worries about the proliferation of nuclear weapons. New generations of nuclear power promise to reduce these risks.
In sum, nuclear power holds the promise of minimizing GHG emissions and air pollution. It is cost-effective and becomes even more cost-effective if construction lead times can be shortened. Small modular reactors present a promising new development for speeding up construction. Safety risks arise from the possibility of nuclear accidents, and nuclear materials must be carefully handled and disposed of. Public opinion and geopolitical considerations will undoubtedly be key in determining the future of nuclear power in Asia.
Cleaner Coal
Truly significant reductions in GHG emissions could be obtained by technologies that remove carbon and other GHG components from the emissions of coal-and gas-fired power plants. Asia's energy future would have far different GHG consequences if the coal used for generating power were more benign. GHG-benign coal requires carbon capture and storage technology for power plants that is at an early stage of development and thus very expensive.
Supercritical and ultra-supercritical power plants reduce emissions by increasing the efficiency of converting coal and gas to electricity and have been in operation for some time in the PRC and Japan. Countries in Asia that plan a larger share of coal in their primary energy mix or that have the capability to use related technologies include India, Indonesia, the Republic of Korea, Malaysia, Pakistan, and Viet Nam. These countries can lower their GHG emissions by using supercritical and ultra-supercritical technology for all new coal-fired power plants. Capital costs would increase marginally by about 2%, but coal use and thus CO 2 emissions would decline by 10%-15%; lower fuel costs improve the economic viability of such projects.
Considering the large and growing role of coal in Asia's energy mix, the need to progress toward cleaner coal technologies is clear. Unlike in developed economies where electricity demand has flattened out, Asia will have to expand production. Given Asia's needs and technical capabilities, the development of clean coal technology potentially offers immense environmental benefits and commensurately large commercial opportunities.
Summary
The foregoing analysis lays out the opportunities and challenges associated with a wide range of sources of energy supply-most of which depend on new technologies-that can help Asia achieve energy security. Each new energy source has its merits and shortcomings. Individually, their contribution to improving Asia's energy security will be limited, but collectively the various sources can make a big difference especially when combined with better management of demand. Asia must therefore strive on all fronts to secure ample, affordable, clean energy supplies. Developing these future technologies will often require government support in the early stages while firms pursue commercial viability. While each source has its limits, every drop-every watt-counts.
IV. FOStErIng rEgIOnAl MArkEt cOllABOrAtIOn
Aggressive action to both manage demand and to promote new, clean supply technologies can advance the cause of Asian energy security, but these advantages will not be fully realized without measures to bring demand and supply together more efficiently. Achieving energy security will thus require cooperative programs that integrate energy delivery systems on a regional scale.
Cross-border energy markets and infrastructure connectivity have so far been largely ignored in regional cooperation and integration. This is unfortunate in light of the rapidly rising energy demand in Asia that makes energy security a regional challenge that would benefit greatly from a collective regional response. The lack of regional cooperation and integration is all the more glaring as jointly promoting energy savings and security would not require new technology or pose the high cost and financial risk developing it might entail. What is required is the political will to cooperate and the mutual confidence that makes cooperation possible.
Cross-border collaboration is technologically and commercially viable. What is missing in Asia is the political commitment to cooperate in energy markets and to build the necessary infrastructure.
A.
Integrating Electricity and gas Delivery Systems
The potential benefits of coordinating electricity and natural gas networks across borders are immense. Power system failures and gas supply disruptions have major consequences that can be mitigated by properly designing collective delivery systems from the outset to optimize delivery without undue concern about borders to enable cost minimization and energy efficiency gains. As described previously, unfettered by the rigid infrastructure already in place in the industrialized world, developing Asia has the opportunity to coordinate the development of gas and electricity grids to realize gains in energy efficiency, environmental improvements, and investment savings from substituting gas for electricity in end uses. Even within each of these systems there are large gains within easy reach of prudent policy makers and regulators via geographic integration.
Interconnected Electricity Systems
The incentives to interconnect electric power systems are strong in terms of improved reliability, more effective fuel conservation, and broader economic benefits. Larger systems typically deliver power at lower costs per kilowatt-hour than do smaller ones owing to economies of scale and diversified generation mix. Interconnected systems reduce capital costs by sharing backup generation capacity, and larger systems generally use less primary energy per kilowatt hour of electricity delivered.
Interconnection advances the cause of energy efficiency. Larger systems can generally accommodate larger baseload-generation units that typically enjoy greater fuel-conversion efficiency than do smaller units. The larger and more interconnected the power systems, the greater the energy efficiency gains. Large interconnected systems make it practical to implement large hydropower projects as is evident in Central Asia where building large dams for power generation in the Kyrgyz Republic or Tajikistan could not be justified for such small national systems.
Cross-border connections enable high-voltage transmission lines and direct connections that improve energy efficiency. Less electricity is lost in transit when it is transmitted at higher voltages; however, high-voltage lines are expensive to build and therefore economical only for transmitting large loads over long distances that are often larger and longer than an isolated market can accommodate.
High-voltage, direct-current connections improve grid stability and by minimizing transmission losses, energy efficiency.
Regional cooperation and integration is already under way but has scope for expansion. Asia is a long way from the unified regional power grid Europe has, but there is no reason why it cannot entertain this ambition. In the short run, most cooperation and integration is taking place in subregions and among close neighbors.
Interconnected Gas Systems
Similar economies and efficiencies are realizable by connecting natural gas systems. Where gas endowments exceed domestic energy demand, interconnected markets would allow idle natural resources to be used like any other exportable commodity to create a revenue stream to help meet development needs. Cross-border gas pipelines also offer the opportunity to create gas distribution networks that economically serve the needs of communities along the route-communities that might otherwise not be served. As seen in Section II, C, cooktops and furnaces can run on gas to avoid losing energy in electricity generation. Large pipeline networks operating at high pressure also provide storage capacity to help maintain a reliable supply during small technical interruptions.
B. "Smart grids" to Integrate renewables
As an energy system comes to depend more on renewables, it needs to become more intelligent. Solar and wind are intermittent resources that cannot be relied on to deliver power on demand. Solar is available only by day, and then unpredictably depending on cloud cover. Wind is highly variable and likewise unpredictable. Wind barely correlates with times of high system demand and solar correlates only somewhat better, so integrating these unpredictable renewables into the power grid poses significant technical challenges. Large, intelligent systems can take advantage of time-of-day demand differences across time zones and swing power across large areas as solar and wind system outputs rise and fall.
Attendant to this problem is the need to incorporate distributed generating systems that generate electricity not in centralized power plants but from small local sources such as solar panels on buildings, small on-site generators and co-generators, and local biomass-and waste-based power systems. Sometimes local sources are joined together in micro grids that operate locally for the most part but with a connection to the main grid. Integration challenges the central grid operator to maintain appropriate voltage and phase synchronization and ultimately, system stability.
Intelligent systems that can adjust to accommodate decentralized generation and renewable generation can optimize the system toward maximizing generation from renewables, minimizing costs, and improving the reliability of service. This requires that smart grids in different countries are able to communicate with one another so they can operate together seamlessly. System optimization in the service of Asian energy consumers depends on strong regional cooperation.
The widespread use of electric-powered transport will introduce challenges along with opportunities. Smart, interconnected power grids that tie together electric-vehicle fleets in geographically dispersed markets can charge the vehicles when surplus renewable energy is available, store electricity in the vehicles' batteries, and during high grid demand draw power back from any idle vehicles that are plugged into the grid in an intelligent "co-evolution" of power systems and transportation.
22 ADB Economics Working Paper Series no. 398 V. ASIA'S EnErgy chAllEngE, rEPrISED It would be irresponsible to make light of the enormity of the task facing Asia given the stark realities presented in the first section of this paper. Asia's economic emergence, tied as it is to a corresponding thirst for energy, carries with it threats to the availability of supply, environmental sustainability, and universal access to affordable energy. Failure in any of these three pillars of energy security would require Asia to scale back its economic ambitions and forgo the vision of a clean Asian Century.
Formidable though it may be, Asia's energy challenge is likewise an opportunity. Against this stark picture, it is possible to see in Asia the equivalent of a global greenfield site wherein a youthful energy infrastructure poised for massive growth and a population rich with intellectual prowess enables the deployment of new energy paradigms drawing on new knowledge for managing demand, on new supply technologies, and on intelligent integration of energy systems.
